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TILTMETER APPLICATION AT NORSTROMSGRUND
LIGHTHOUSE - STRICE PROJECT

R. Frederking
Canadian Hydraulics Centre
National Research Council of Canada
Ottawa, ON, K1A OR6, Canada

ABSTRACT

The STRICE project installed load p#en half the circumference of the
Norstréomsgrund lighthouse inglGulf of Bothnia to makdirect measurements of ice
forces. Near continuous measurementsaosgrvations of ice conditions were also
made. As an adjunct to the projextigh-resolution tiltmeter capable of
simultaneously measuring tilt in two orthogbdaections was installed inside the
lighthouse for the 2002 winter season idearto assess an@inative means of
measuring global ice force. For quasi-state loading, the tiltmeter provided a good
representation of ice force agj on the lighthouse regardkeof the direction from
which the forces acted. In the case of dynamic ice loading with frequency
components up to 3 Hz, a 7-second mgvaverage "filter" provided a good
representation of force components up to 0.5 Hz.

INTRODUCTION

Tiltmeters offer a relatively simple and inexpensive means of determining global ice
forces by measuring the tiksponse of a structure. The key to doing this is
calibrating the tilt against a known force,@rthe amount of tilt ia function of the
foundation stiffness as well as the stiffnesthefstructure. Ice force measurements at
Norstromsgrund lighthouse by the STRICE pmjprovide an opparhity to calibrate

the structure-tiltmeter system, since at thsation the lighthousgit is a function of
primarily ice action. The ice force measg panels cover about one half the
circumference of the lighthouse, so forcetia direction of mtion and at a right

angle can be completely determined, pded the ice motion direction is centered on
the section covered with panels. This mfiation is sufficient to calibrate foundation

399



and lighthouse stiffness, since these stgfes can be assumed omni directional. A
tiltmeter responds to both tilt changes andral accelerations sbhe measurements at
Norstromsgrund provide an opportunity to defthe operational envelope in terms of
frequency response and long-term stabili@nce calibrated, the tiltmeter provides a
means for measuring the tbige forces on the lighthouseegardless of the ice

motion direction. Tilt meters have beesed since 1997 on the Confederation Bridge
(Cheung et al, 1997). Their applicatiorNatrstromsgrund provided an opportunity to
verify their performance where ice laad is dominant, as compared to the
Confederation Bridge where wind loadiisgusually dominant (Kubat et al, 2000 and
Brown, 2001). This paper will describiee tiltmeter, calibrigon of the system,
interpreted ice loads and spgan operational envelope.

DESCRIPTION OF TILTMETER

An Applied Geomechanics biaxial Model 716-2A high-resolution tiltmeter, similar to
those on the Confederati@mnidge, was deployed for the tilt measurements. The
instrument selected is a high-gairrsien so it has a maximum sensitivity of

0.1 pradians on its high-gain setting faiaage of 800 pradians (£0.045 degrees).
On the low gain setting the range is £8Q@@dians. The instrument works on the
bubble level principle, using a conductiveidl in a glass tube. A change in tilt
produces a change in conductivity. Themnstent is referenced to gravity, so, the
instrument senses both changes in tilt bodzontal accelerations. The instrument
has two single-pole RC low-pass filters that are switch selectable. With the filter
switch off the time constant is 0.05 s and viite switch on the time constant is 7.5 s.
The time constant is one third of the tim&ltes the output signal to settle to 90% of
it final value, in response to a step change in tilt.

INSTRUMENT INSTALLATION AND OPERATION

The tiltmeter was installed on 2002 Febyua7 at 14:00. The location was on the
inside of the West wall of the lighthaeis6.5 m above Mean Sea Level. The sign
convention for the tiltmeters was X-axis gog for tilt towards the north and Y-axis
positive for tilt towards the east. At thime of installation the settings for the
instrument were as follows:

GAIN: LOW

FILTER:OFF
On 2002 April 4 at about @0 the filter was switched on

FILTERON
At 1155 on April 7 the GAIN setting was switched to HIGH GAIN.

For clarity in subsequent discussion of tlaéibration and interpretation of the results,
the location of the ice force measurpanels on the lighthouse and the sign
conventions are noted in Figure 1. Tderere 9 panels, each 1.2 m wide by 1.6 m
high. It can be seen thatrfan ice movement from the ¢athe panels are able to
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measure the total force. For movementstirer directions thpanels only measure
part, or, in the case of a movement from test, none of the actual force. The

tiltmeter, as installed is shawn Figure 2. To facilitatézeroing” of the tiltmeter at
the time of installation, a mounting plate tldbws fine adjustment of the tilt was

used

Sign convention for tilt and panel force
< tilty + <F,+
totilt X+ | Fx+

Figure 1 Location of panels and sign aovention for panel force and tiltmeter;
note that tiltmeter is installed onth interior of the West wall of the

lighthouse

L
o et T

Figure 2 Tiltmeter and mounting plate on the wall of the lighthouse
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CALIBRATION

The tiltmeter was calibrated using the flesof a loading event on the afternoon of
April 4, 2002. The event recording starsdl2:50, before thitmeter filter had

been switched on. For the first 4 minutes (250 s), the ice movement was from the
east, so it could be assumed that the pamete able to measure the full load applied
from the east. The X and Y componentshef ice force applietb the lighthouse, as
determined from the panel record for thisipe are plotted in Figer 3. Note that the

X component of force was initially from the south (negative),taed from the north
(positive). The recording frequency wasHBand this ice loddg episode could be
termed “static”, although there were vaioas, for example the maximum force peaks
had a combined rise and fall time of 10Fsgure 4 plots the tilt traces for the same
time period. The 10 Hz raw tilt data aadfiltered” tilt using a 3-second moving
average are presented. Since there wdstexng of the raw tilt records, the large
and small amplitude oscillations are aul of the tiltmeter function and do not
represent actual tilt response of the lightoughe raw tilt data had small and large
amplitude oscillations superimposed on a lsgeal, with about a 2 Hz frequency for
the large amplitude parts of the record, but for the low amplitude parts of the record
showing no systematic frequency. Close comparison of the tilt and force records
showed that whenever there were rapid diogke forces determined from the panels
(note times 65 ad 235 s), the oscillation &tge of the raw tilt measurements were
much larger, suggesting that the instratneas responding to lateral accelerations
rather than actual tilt of the lighthous€&he general similarity of the tilt and force
components can be seen by comparing Figures 3 and 4.
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Figure 3 Force record of 2002 April 4 event, ice movement from east
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Figure 4 Tilt record of 2002 April 4 e\ent, ice movement from east (Note that
unit mu rad on axis is equivalent to pradian)

The digitally filtered tilt data (3 secondoving average) have been used to produce
cross-plots of tilt versus force, Figures 5 and 6 for the X and Y directions,
respectively. A linear regression line haeb fit to each set of data. Forthe Y
direction, the force in kN is about 12 times tiit in pradians. Té cross plot of the X
components has an overall negative slopexpsated, and has a lower slope, in this
case about 4. This is not surprisingicsl it was known that the panels may be

missing some of the X component of forces. One-second and seven-second moving
average filters were also appliedt the slopes differed by less tha.1 % from the
three-second slope.
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Figure 5 Calibration of load in X-direction, ice movement from east, panels do
not capture all ice force
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Figure 6 Calibration of load in Y-direction, ice movement from east, panels
capture all ice force

Other loading episodes were examiaad calibration factors for X and Y
components of panel force and tilt were determined. The maximum value for the X
component was —12 kN/uradian and far thcomponent 12 kN/pradian. As was
discussed in the first section of thigea, it is assumed that the soil/foundation
properties are the same, regardless of trextidon in which the lighthouse is tilting,

so a calibration coefficient of 12 kN/uradiasas set for converting tilt to force for

both X- and Y-axis directions.

RESPONSE ASSESSMENT

An event on 2002 March 21 was used to assess the response of the tiltmeters to a
dynamic ice loading. The recording frequg was 30 Hz and the ice failure mode
was described as crushing and bendilog. speed was 0.17 m/s from the northeast
and ice ridge thickrss of 2.3 to 3 m was measured_tiiAe series record of the ice
force components determined from the panmeasurements is plotted in Figure 7.

The character of this force record shows a stroogla®ry component, quite

different compared to the static force of Figure 3.
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Figure 7 Force components from panelfor A dynamic loading event on March
21, 2002

A short record of the Y-component tiltpsesented in Figure 8 to illustrate the
response of the tiltmeter to a dynamic icado The tilt record has a high amplitude
oscillation at a frequency of about 2.5.H&pplying a 7-second moving average filter
produces a more realistic representation eftilb of the lighthouse. The filtered tilt
data was multiplied by 12 kN/uradian to cortuét to force. The two force records
Fy (from panels) and Fy tilt show a similar trend, however force from the filtered
titmeter data still shows larger amplitudecitiations than the force from the panels.
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Figure 8 Conversion of tilt to force fa dynamic loading event of 2002 March 21

For a broader comparison of force composelgtermined from panel measurements
and tilt measurements during dynamic loggliFigures 9 and 10 present the X and Y
components, respectively for a 500-secondneetangth. Note that the X component
of tilt-derived force has been offset dowamas by 2000 kN to bring the “zero” values
into closer agreement. For both the X pament of force and Y component of force,
the magnitude determined from tilt measureteéngreater that those measured from
the panels. The X component of tilt derivfedce is about 50% gater than the panel
force component, and it can be seen theatds of increasp and decreasing force
correspond remarkably well for the two me@sment instruments. The reason for
higher tilt derived X component forces isthor ice motions from the northeast, part
of the lighthouse perimeter exposed to ice motion is not covered by panels, and hence
the panes are missing part of the iceéorThe Y component forces for the two
measurement methods are more similar gieing a slight offset between the two
measurement methods and in this case lheédrived forces biag about 25 % greater
than the panel forces. This difference, in this case, could be due to some of the Y
component of ice forces acting above anidwehe panels (pandéleight 1.6 m and up
to 3 m thick ice/ridges). The total ice thicksdor this event was reported to be in the
range 2.3 to 3 m.
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Figure 9 Comparison of face components in the X-direction for event of 2002
March 21
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Figure 10 Comparison of force components the Y-direction for event of 2002
March 21

CONCLUSIONS

The application of the tiltmeter at thorstromsgrund Lighthouse provided a very
useful complement to the load panel measwents since the panel results were used
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to calibrate the tiltmeteighthouse system, and the tiltmeter responded to ice
movements from directions in which thengts were not able to respond to ice
loading. Use of a calibratiomadtor of 12 kN/pradian to lae Y-axis tilts to the Y
component of force, and -12 kN/uradian tlatre X-axis tilts to the X component of
force is appropriate for the Norstromsgrund Lighthouse. Due to confidentiality
constraints a total season record wasanvailable for publicatin, however periods of
open water could be used to verify and residjne “zero” readings of the tiltmeters to
obtain an improved comparison be®wn the two measurement methods..

In terms of frequency resnse, the tiltmeter gives good response for frequency
components from DC up to about 0.5 Hz. Higher frequency components of the tilt
measurements can be “filtered” using aving average spanning 7 s. When this is
done the forces determined from tilt @argood indication of lading variations
occurring over time intervals of moreatinseveral seconds. However, short-term
force peaks lasting less that about 1 tcaPesartefacts of the tiltmeter, and should be
ignored. With calibration of the tiltmetetrsgcture system a tiltmeter provides an
economical and simple means of measythe global ice forces on a lighthouse or
bridge pier.
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